Oscillation of CMB photons into axions can cause CMB spectral distortion in presence of large scale magnetic fields. With COBE limit on µ parameter and homogeneous magnetic field strength B 3.2 nG at horizon scale, stronger lower limit on axion mass in comparison with limit of ADMX experiment is found to be 4.8 × 10 −5 eV ma for the KSVZ axion model. On the other hand using experimental limit on axion mass 3.5 × 10 −6 eV ma from ADMX experiment together with COBE µ bound, is found B 53 nG (KSVZ axion model) and B 141 nG (DFSZ axion model) for homogeneous magnetic field with coherence length at present λB ∼ 1.3 Mpc. Limits on B and ma for PIXIE/PRISM expected sensitivity on µ are derived.
The cosmic microwave background (CMB) presents small temperature anisotropy of the order of δT /T ∼ 10 −5 on small angular scale and its spectrum is supposed to be slightly distorted [1] due to various mechanisms which might have operated in the early Universe. In general these distortions are described in terms of the so called µ, i and y parameters which their values quantify the type of each distortion [2] . COBE [3] space mission obtained stringent limits on |µ| < 9 × 10 −5 and |y| < 1.5 × 10 −5 parameters, thus implying that there might be a very narrow window to look for process leading to spectral distortion. Other planned space missions include PIXIE [4] and PRISM [5] which expect to obtain more stringent limits on µ and y with respect to COBE of the order of µ < 5 × 10 −8 and y < 10 −8 . Generally speaking the most popular proposed mechanisms which can create spectral distortion, can be classified as "secondary" mechanisms in the sense that the original CMB spectrum is affected indirectly. Indeed, in these models energy and photon number are injected into the medium from external sources such as decaying dark matter particles [6] , sound waves [7] etc. On the other hand, CMB can also have "primary" spectral distortions which can be disentangled from the secondary ones. An interesting mechanism which can be classified as primary is oscillation of CMB photons into light bosons such as axions, axion-like particles (ALPs) and gravitons. These processes, in cosmological context, are possible in the presence of an external magnetic field where the photon has a vertex coupling with them. In the case of axions the relevant term which describes coupling of photons with axions is given by the interaction Lagrangian density
where F µν is the electromagnetic field tensor,F µν is its dual and a is the axion field. In general the coupling constant of axions can be written as
where α s is the fine structure constant, f a is the axion decay constant, E is the electromagnetic anomaly associated with axial current and N is the color anomaly. Among of all axion models, two of them namely the KSVZ [8] and DFSZ [9] axion models have been extensively studied in the literature. For KSVZ model we have E/N = 8/3 and E/N = 0 for DFSZ model. In both models coupling constant of axions to photons g aγ is proportional related to axion mass m a . The latter is related with quark masses up (u) and down (d) and the relation between axion mass m a and axion decay constant f a is given by
where m π = 135 MeV is the pion mass, f π 92 MeV is the pion decay constant and w = m u /m d with m u , m d being respectively the up and down quark masses. The range of the parameter w is between 0.35 ≤ w ≤ 0.6 [10] where in general its standard value is taken w = 0.56. For recent reviews on axions and ALPs see Ref. [11] and for earlier works on axions in cosmology see Ref. [12] The origin of the large scale magnetic field (which makes possible transition of photons into axions), is interesting by itself since its presence, would have enormous impact in several situations in cosmology (such as bing bang nucleosynthesis, CMB temperature anisotropy etc.) and in astrophysics (such as cosmic rays deflection etc). Thus, its strength B e and its direction are of fundamental importance. The most common ways to constrain large scale magnetic field strength have been essentially from CMB temperature anisotropy and Faraday rotation of the CMB [13] . In the former case it is supposed that the external magnetic field would contribute to the total energy density in the Universe and therefore it would be possible that this additional energy density could cause CMB temperature anisotropy [14] . In the latter case the presence of magnetic field would cause polarization of the CMB through the so called Faraday effect, namely the rotation of the polarization plane of the CMB. For a review on large scale magnetic fields see Ref. [15] arXiv:1407.1740v2 [hep-ph] 21 Jul 2014
In a previous work [16] , we obtained tight limits on the ALP parameter space by using coupling of CMB photons with ALPs in primordial magnetic field. In this letter we study oscillation of CMB photons into axions in presence of large magnetic field and derive new limits on axion mass and magnetic field strength. Photon-axion mixing is phenomenologically different from oscillation into ALPs, since in the axion case the two quantities which characterize axions, its mass m a and coupling constant to photons g aγ , are directly proportional with each other, while in the ALP case they are in principle unrelated. Consequently, in the case of photon-axion mixing the number of independent parameters is reduced to only B e and m a or g aγ with respect to photon-ALP mixing. Therefore based on phenomenological or experimental results it would be possible that known one of the parameters B e or m a , we can constrain the remaining one.
Firstly knowing upper bounds on magnetic field strength at present time we can find limits for the axion mass. In this case case the field strength and coherence length are fixed a priori. Secondly if we know experimental limits on axion mass we can bound the magnetic field strength and discuss about its coherence length a posteriori. In this letter we consider only uniform (homogeneous) magnetic field. The effect on CMB oscillation due to non homogeneous (stochastic) magnetic fields will not be considered. In connection with the first case we use limits on magnetic field from CMB temperature anisotropy and Faraday rotation where field coherence length is greater or comparable with horizon scale. For magnetic field with coherence length comparable with horizon scale, CMB temperature anisotropy gives B 4 nG [17] and Faraday rotation of Lyman-α forest gives [18] , B 1 nG. As far as for the second case we consider existing limits on axion mass to constrain strength of homogeneous magnetic field with coherence length at least comparable with horizon scale during µ epoch. In the formalism of density matrix which we use below, the magnetic field is assumed homogeneous at given coherence length λ B where field strength changes only due to Universe expansion. Here we adopt rationalized LorentzHeaviside natural units,
Study of oscillation of CMB photons into axions whith an essential loss of coherence is best formulated in terms of density operator of the systemρ (in our case the system is composed of axions and photons). To the linear order of approximation it satisfies quantum kinetic equation [19] 
whereĤ is the Hamiltonian of photon-axion system including refraction index (first order effects),Γ is the coherence breaking operator of photons and axions with the background medium, andρ eq is the equilibrium density operator. Since magnetic field mix only the (×) photon state (see below) with the axion, matrix elements of operatorsρ,Γ andĤ in the basis spanned by two component field Ψ T = (A × , a) are respectively given by
where ρ γ = n γ , ρ a = n a are respectively photon and axion occupation numbers, ρ γa = ρ * aγ = R + iI with R and I being respectively the real and imaginary part of ρ γa . Matrix elements of equilibrium density operator in flavor space are given by equilibrium occupation number n eq = 1/(e x − 1) times the identity matrix I, ρ eq = n eq I where x = ω/T with T being the photon temperature. Coherence breaking matrix (Γ) is diagonal in flavor space and its entries are respectively given by the sum of scattering and annihilation/absorption rates of photons (Γ γ ) and axions (Γ a ). Matrix elements which enter interaction Hamiltonian are respectively [20] 
. Here B T is the strength of the external magnetic field B e , which is transverse to the direction x, of the photon/axion propagation. A +,× are the photon polarization states with +, × being the polarization indexes (helicity) of the photon. The helicity state + corresponds to the polarization perpendicular to the external magnetic field and × describes the polarization parallel to the external field. For the purpose of this work and cosmological epoch which we are interested in, the total refraction index is given by the sum of two main components: the refraction index due to electronic plasma n pla and refraction index due to vacuum polarization n QED . The refraction index due to electronic plasma is given by (n pla − 1) ×,+ = −ω 2 pla /2ω 2 where ω 2 pla = 4πn e /m e with n e being the number density of free electrons in the plasma. The refraction index due to QED effects, for ω (2m e /3) × (B c /B), is given by Ref. [21] (n − 1) ×,+ = α 4π
where B c = m 2 e /e = 4.41×10 13 G is the critical magnetic field.
When total interaction rate which enter the problem is much bigger than expansion rate Γ H and photonaxion oscillation frequency ω osc H, equation of motion for density matrix are given by steady state approximation, see Ref. [19] for details. In this case it is possible to express the imaginary part I and real part R through n γ and n a . In this approximation equation of motion for density matrix in FRW metric reduce to the following closed system of first order linear differential equations in n γ and n a HT n γ (T ) = 4ΓM
The system of Eqs. (7) and (8) can be solved numerically or analytically. In the last case it is still difficult to solve it without making any approximation. Let us assume that interaction rate of axions with the medium is negligible Γ a 0 (for axion mass range considered here this is indeed true) and n γ n a with n γ n eq γ . In this case we can write Eq. (8) as
All approximations made above are well satisfied since we expect oscillation of CMB photons into axion would produce very small spectral distortion and occupation number of CMB would remain very close to equilibrium. Let us at this point expand the term ∆M (T ) in power series around the resonance temperature up to first oder in T ,
Assuming that oscillation probability is dominated by the resonance point we can easily integrate Eq. (9) and obtain
where in integrating Eq. (9) each term ∆M, T, k and H has been held constant and equal to their value at T =T . Eq. (10) is in general valid in both resonant and non-resonant case but it gives very accurate values of probability in the first case and less accurate results in the latter case. We may also notice that there is no dependence on the interaction rate Γ = Γ γ + Γ a Γ γ which has been integrated out. Now in order to calculate P a we need to write the temperature dependence of each quantity in Eq. (10). The term M aγ can be written as
where the magnetic field scale with temperature as B T ∼ B = B 0 (T /T 0 ) 2 (magnetic flux conservation) with B 0 being the strength of magnetic field at present epoch. The term H(T )T can be written as
where Ω R is the present day density parameter of relativistic particles (photons and nearly massless neutrinos). During the µ epoch the Universe is radiation dominated. Since we are interested in the period prior to recombination epoch where ionization fraction of free electrons is unity, X e = 1 we obtain
where M QED and M pla are respectively the QED and plasma contributions to the refraction index in ∆M . Inserting all necessary terms into Eq. (10) we get the following expression for
where in deriving Eq. (12) we have used the fact that for T =T we have ∆M (
We may note that in case M QED (T ) = −M a (T ) the denominator of Eq. (12) is zero and the probability goes to infinity. In such case one must consider expansion of ∆M (T ) up to second order in T around the resonance temperatureT . However, for our purpose we do not need it here. In order to confront Eq. (12) with numerical results and because is more easy to calculate, let us consider the case when M QED M a . In the redshift of interest for µ-distortion and photon energies considered here, QED term in M × is negligible with respect plasma term and therefore from the resonance condition ∆M = M × − M a = 0 we get
wherem a = m a /eV, n e 0.88 n B (T 0 ) is the number density of free electrons at present epoch and n B (T 0 ) = 2.47 × 10 −7 cm −3 is the number density of baryons. Eq. (13) is a constraint relation for the axion mass in the resonant case. Inserting all necessary quantities into Eq. (12) we get the following expression for P a
where B nG = (B 0 /nG) and C aγ is defined as
where for w = 0.56, |C aγ | 4 for E/N = 0 (KSVZ model) and |C aγ | 1.49 for E/N = 8/3 (DFSZ model). It is important to emphasize that Eq. (14) is valid when
Inserting Eq. (13) into Eq. (16) we get
where we used x = 11.3 (see below). On the other hand we also need to calculate the axion mass at the resonance temperatureT which is given by Eq. (13 So, as far as we limit our consideration for magnetic field strength of the order B nG 10 3 and axion mass range given by Eq. (18) we can safely use Eq. (14) .
In presence of µ-distortions we can expand the photon occupation number for µ 1 as n γ n eq + µ∂ x n eq = n eq − n eq (1 + n eq )µ.
Since leakage of photons is due to oscillations into axions, we get the following relation between P a and µ
Using Eqs. (20), (14) and Eq. (13) we get the following relation between magnetic field and axion mass
We can see that Eq. (21) depends on the photon energy x and tighter bound on B nG orm a is obtained for higher values of x. Indeed, using for example the energy range explored by COBE [3], 1.2 ≤ x ≤ 11.3 we get a tighter limit on B nG at x = 11.3
Eq. (22) is our main result which connect three unknown parametersm a , B nG and C aγ with µ parameter which is determined by experiment. We may notice, that for values of µ given by COBE [3] and PIXIE/PRISM [4] we have that the bound given by Eq. (17) is indeed well satisfied. Using Eq. (22), in Fig. 1 exclusion plots for B nG vs.m a are shown for COBE and expected PIXIE/PRISM limits on µ. We emphasize that our results in resonant case obtained by using Eq. (22) perfectly agree with numerical solution of the system of equation given by Eqs. (7) and (8) . The discrepancy between the two is by a factor 1.15 as we have explicitly checked.
In conclusion, in this letter we have studied an indirect mechanism to look for invisible axions, namely through their coupling to two photons where CMB plays the role of photons. Although we do not have direct evidence of CMB spectral distortions, COBE experiments showed that small spectral distortions are indeed allowed. These distortions are created in the early Universe in an epoch when Compton elastic scattering would have been efficient on maintaining kinetic equilibrium. When Compton scattering stop being efficient, the accumulated µ distortions froze out. Once resonance occur for a given axion massm a , the amount of spectral distortion after the resonance froze out and is equal to µ. We have explicitly checked that occupation number of axions remains constant after resonance thus implying µ parameter also froze out.
In Fig. 1 we present our exclusion limits on axion mass and magnetic field strength in resonant case. Is not possible in general to give a definite constrain on B and m a since none of them is known exactly and moreover only upper limits on µ parameter exist which relates both. Nevertheless, we can outline important conclusions considering the upper limits of all of them. In general we can base our arguments by simply focusing on Eq. (22) . Firstly based on limits on µ from COBE we can see from Fig. 1 that we can limit the axion mass if we know limits on B. For instance in case of KSVZ axion model for µ < 9 × 10 −5 and homogeneous magnetic field with strength B 3.2 nG we obtain from Eq. (22) that 4.8 × 10 −5 eV m a . The limit on magnetic field strength is by a factor 1.2 stronger than that found for homogeneous and anisotropic magnetic field in Ref. [17] and is by a factor 3.2 weaker than that found in Ref. [18] from Faraday rotation of Layman α-forest.
For the DFSZ axion model the upper limit for homogeneous magnetic field is B 9 nG which is by a factor 2.5 weaker than KSVZ axion model for the same axion mass. This upper limit on magnetic field for DFSZ model would produce too much CMB temperature anisotropy and makes the DFSZ axion model disfavored with respect to KSVZ axion model. PIXIE/PRISM would put stronger limits with respect to COBE and in particular for homogeneous field with coherence length of Hubble horizon would give B 7.7 × 10 −11 G for KSVZ axion model and B 2 × 10 −10 G for DFSZ axion model. The ADMX collaboration [23] excluded all axion models of being dark matter in the mass region 3.3 µeV-3.5 µeV. This mass range lies in the axion mass range considered in this paper, see Eq. (18) . Thus, it would be possible to use ADMX limits on axion mass to constrain the magnetic field strength. For example considering the limit 3.5 µeV m a we find that magnetic field strength would be (in the case of COBE), B 53 nG for the KSVZ axion model and B 141 nG for the DFSZ axion model, see Fig. 1 . In the case of PIXIE/PRISM we would have B 1 nG for KSVZ axion model and B 2.7 nG for DFSZ axion model. However, knowing upper and/or lower limits for axion mass allows only to constrain the strength of magnetic field and nothing tells about its spatial structure and coherence length. In this case the above limits are valid for homogeneous magnetic fields with at least coherence length of the order of horizon scale during µ epoch, namely λ µ B ∼ H −1 (z µ ) or λ µ B ∼ 3.8 pc where redshift corresponding to axion mass m a 3.5 µ eV is z µ 3.44 × 10 5 , see Eq. (13). The derived limits on homogeneous magnetic field strength are in general stronger than those found from temperature anisotropy [17] and slightly weaker than those found from Faraday rotation [18] . Indeed, at coherence length scale λ B ∼ 1 Mpc, Faraday rotation of Lyman α-forest gives B 10 nG [18] which is by a factor 5.3 stronger than limit found in KSVZ axion model and by a factor 14.1 stronger than DFSZ axion model (using ADMX limits on axion mass). Limits on axion mass found here in general are of the same order of magnitude with limits found by misalignment mechanism, see Ref. [24] and [10] . Indeed, the lower limit 4.8 × 10 −5 eV m a for B 3.2 nG is very close to that found in Ref. [25] , namely m a 76 µ eV-82 µ eV for CDM axions. According to Ref. [25] an axion within this mass range would explain all dark matter contents in the Universe without requiring other candidates. However, in our case an axion in the mass range m a 7.6 µ eV-8.2 µ eV would make non resonant oscillation into CMB photons during the µ-epoch. If misalignment mechanism limits are used for axion mass (non resonant oscillation) such as those in Ref. [25] instead of ADMX limit, the strength of homogeneous magnetic field at λ B ∼ 1 Mpc would be between 1.4 × 10 3 nG -1.6 × 10 3 nG depending on non resonant axion mass. These limits are weaker than those found from Faraday rotation of Lyman α-forest and are comparable with limits found from homogeneous Universe, see Ref. [18] . * ejlli@fe.infn.it
